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Hetero interfaces between metal-oxides display pronounced phenomena such as 
semiconductor-metal transitions, magnetoresistance, the quantum hall effect and super- 
conductivity. Similar effects at compositionally homogeneous interfaces including ferroic 
domain walls are expected. Unlike hetero interfaces, domain walls can be created, displaced, 
annihilated and recreated inside a functioning device. Theory predicts the existence of 
'strongly' charged domain walls that break polarization continuity, but are stable and conduct 
steadily through a quasi-two-dimensional electron gas. Here we show this phenomenon 
experimentally in charged domain walls of the prototypical ferroelectric BaTi0 3 . Their steady 
metallic-type conductivity, 10 9 times that of the parent matrix, evidence the presence of 
stable degenerate electron gas, thus adding mobility to functional interfaces. 
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Solid interfaces between two distinct materials or material 
states are quasi-two- dimensional objects, which display 
uniquely distorted electronic structures and ionic displace- 
ments. Properties of such interfaces may, therefore, be entirely 
different from those of the parent materials. Indeed, technolo- 
gically enticing phenomena were found at hetero interfaces 
between metal-oxides 1-7 and in compositionally homogeneous 
interfaces such as ferroic domain walls 8-17 . The anomalous 
properties at domain walls in ferroics are especially attractive for 
their variability. Domain walls can change positions, shapes and 
thereby also intrinsic properties in a controlled way so that they 
could be utilized inside a ready device 18 . So far, the reported 
anomalies at ferroic domain walls are mostly weak in magnitude. 
However, drastic property deviations are theoretically predicted 
at specific types of charged domain walls in ferroelectrics 19-21 . 
These domain walls represent a fascinating unexplored arena. 

Ferroelectrics domain walls are nanometric- scale transitions 
between two ferroelectric domain states, which differ in the 
orientation of a switchable spontaneous polarization. As second- 
ary order parameters like spontaneous strain are usually 
induced by the polarization, ferroelectrics are mostly also 
improper ferroelastics. Therefore, as domain walls are mobile, 
their geometry is naturally forced towards equilibrium with 
electrostatic neutrality between adjacent ferroelectric domains 
and towards minimal strain mismatch between ferroelastic 
domains. Whenever this equilibrium is slightly perturbed, the 
domain walls become weakly charged due to polarization 
divergence. This occurs during ordinary processes like domain 
switching or domain- wall bending by external forces 15,17,22 . Such 
weakly charged domain walls showed transient enhanced 
conductivity, 10 3 times that of the bulk, during switching in 
Pb(Zr 0 2 Ti 0 8 )O 3 thin films 15 and steady enhanced conductivity 
under illumination with above-bangap- energy photons in 
LiNb0 3 cystals 17 . These domain walls shown signs of metallic- 
like behaviour, but they are unpractically unstable 15 or must be 
pinned by defects 17 . 

An exotic family of domain walls was found in improper 
ferroelectrics YMn0 3 (ref. 23) and ErMn0 3 (ref. 16). These 
materials naturally lock ferroelectric domain walls with a wide 
range of orientations including stable charged configurations. 
Tail-to-tail domain walls in ErMn0 3 showed some three times 
the conductivity of the semiconducting bulk while head- to -head 
domain walls displayed a conductivity drop 16 . However, unlike 
in ordinary ferroelectrics, the spontaneous polarization in 
manganese oxides is a secondary order parameter induced by a 
structural phase transition (PT). This mechanism drives the 
polarization with substantially different thermodynamic forces 
than in ordinary ferroelectrics 24 . Thus, properties of charged 
domain walls in proper and improper ferroelectrics cannot be 
generally linked. For example, manganese oxides, unlike ordinary 
ferroelectrics, cause the unusual topological locking of the polar 
and antiphase boundaries and do not necessarily require 
compensation of charged domain walls 25 . 

In proper ferroelectrics, the existence of such 'strongly' charged 
domain walls (sCDW) depends vitally upon almost perfect 
compensation of the polarization charge. The compensation can 
be provided by mobile defects, which also stabilize the domain 
walls, but in this case, the domain-wall properties are not 
expected to display exceptional new features 17, . In contrast, 
theory predicts 9 the existence of qualitatively different, 
electron- and hole-compensated sCDW in ordinary wide- 
bandgap ferroelectrics. These sCDW can be stable while 
completely breaking polarization continuity. They form head- 
to-head and tail-to-tail polarization divergences as illustrated in 
Fig. 1 leading to high concentrations of polarization charge. 
Formation of this bound charge is simultaneously 
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Figure 1 | Charged domain walls in tetragonal BaTi0 3 . (a) Poling of the 
crystal in a [110] c -like direction (red arrow) allows two equally preferred 
ferroelectric domain states (blue arrows) out of the six permitted (blue 
and grey arrows). When the frustrated poling is applied during a slow 
paraelectric-ferroelectric PT, tail-to-tail (b-d) and head-to-head 
(b,c,e) domain walls are formed, (b) Top view micrograph with light 
transmitted through the sample in the [110] c direction. Scale bar, 200 |im. 
(c) Out-of-scale cartoon illustrates a 200 (im thick (110) c sample with 
5 x 5 mm 2 top surface covered with 200 (im diameter and 400 (im period 
electrodes. The domain walls are irregularly distributed with period from 
100 to 300 (im. (d,e) Side view micrographs with light transmitted in the 
[001] c direction show the tail-to-tail domain walls (scale bar, 100 (im) and 
head-to-head domain wall (scale bar, 25 |im), respectively. P denotes 
polarization of incident light and A polarization filter on transmitted light. 



counterbalanced by two stabilizing factors: (i) free-carrier 
compensation of the polarization charge at the walls and (ii) 
clamping of two ferroelastic states. Thus, sCDW might be flat and 
mobile while covered with free carriers. 

Why should these sCDW be technologically interesting? The 
free- charge compensation at sCDW must be almost complete in 
order to reduce the depolarizing field that would otherwise 
prohibit their formation or kill ferroelectricity 19,20 . For realistic 
parameters of ferroelectric perovskites (unless these are heavily 
doped), such compensation cannot be provided with the typical 
free-carrier concentration in these materials. Most of the 
screening charge originates from electron transfer across the 
forbidden energy gap or an external charge injection. Theoretical 
calculations predict that the charge compensation at stable sCDW 
in ordinary ferroelectrics results in the formation of degenerate 
quasi-two-dimensional electron gas (q2DEG) with metallic free- 
carrier concentration 19-21 . This high concentration might result 
in a pronounced steady metallic-type conductivity of sCDW and 
other properties linked to an electron gas confinement in their 
energy well. 
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While the intrinsic properties of neutral and weakly charged 
domain walls are being rapidly revealed 10-15 ' 17 ' 27 , sCDW remain 
poorly understood, especially on the experimental level. sCDW 
are rarely formed naturally due to their high energy 20 and 
methods of their artificial formation have been seldom 
investigated 17,28,29 . Sporadic naturally formed sCDW have been 
detected in unpoled thin films 30 ' 31 and indirectly identified in 
bulk crystals 28, , but their electronic properties have hardly ever 
been reported. 

Here we show experimental evidence for the q2DEG at 
stable 90° sCDW of the prototypical wide-bandgap proper 
ferroelectric BaTi0 3 . The sCDW show giant steady metallic-type 
conductivity, 10 9 times that of the BaTi0 3 bulk. We support the 
experimental findings by theory and phase field simulations, 
which explain the properties of sCDW and the role of sCDW- 
electrode junctions. 



Results 

Experimental. The sCDW are created by so-called frustrated 
poling 29 . An electric field, £, is applied to a (110) c plate of 
tetragonal BaTi0 3 in a [110] c -like direction. This leads to two 
equally preferred ferroelectric-ferroelastic domain states, Fig. la, 
which can be separated either by (110) c neutral domain walls or 
(ll0) c sCDW. The theoretical energy density of sCDW is 
significantly larger than that of the neutral domain walls 20 , but 
their total energy in a thin plate sample can be smaller due to 
their smaller total surface. The sCDW are stabilized by elastic 
compatibility of adjacent ferroelastic states, therefore, their 
density can be controlled by favourable poling history and 
boundary conditions 29 . 

Frustrated poling of BaTi0 3 samples during slow cooling over 
the paraelectric-ferroelectric PT led to the formation of (ll0) c 
planar sCDW, Figs lb-e. The full Pt electrodes used for the 
poling were then replaced with circular Pt electrodes of 200 Jim 
diameter and 400 jim period on the side with negative 
polarization charge, Fig. lc. This configuration resulted in 
similar fractions of electrodes touching head-to-head, tail-to-tail 
or no domain walls. By measuring charge transfer between the 
bottom and individual upper electrodes, one can clearly relate 
changes in the conductances to the presence of sCDW. 

The conduction between electrodes connected by tail-to-tail 
sCDW was almost identical to the conduction through the bulk. 
The conduction between electrodes touching head- to -head 
sCDW was reproducibly and steadily (for >120h) 10 4 -10 6 
times higher, Fig. 2. We confirmed this exclusive relation 
between head-to-head sCDW and giant conductivity by testing 
30 different spots on ten different walls and on the bulk. 

Figures 2a,b show room-temperature I-V curves of the bulk 
and the cases when a single head-to-head or tail-to-tail domain 
wall is present between the tested electrodes. One can see, in 
Figs 2b,a conduction threshold at ~8 V indicating non-ohmic 
contact between the electrodes and the ferroelectric. Each 
datapoint in Figs 2a,b is acquired 1 min after step change of 
applied voltage, hence, the values include transient currents seen 
on Fig. 2c. The steady difference between conductance measured 
with and without the head-to-head sCDW is more than six orders 
of magnitude (at V— 100 V after > 660 min), Fig. 2c. Assuming 
the thickness of sCDW is 10-100 nm ref. 21, its intrinsic 
conductivity is 10 8 -10 10 times higher than the conductivity of 
the bulk. 

Strong evidence that the head- to -head sCDW are the objects 
providing free carriers for the measured current is seen at the 
tetragonal- orthorhombic and ferroelectric-paraelectric PTs, 
Fig. 3a. The 90° sCDW formed in tetragonal BaTi0 3 cannot 
exist in other phases due to their different symmetries as 
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Figure 2 | Conduction through charged domain walls in BaTi0 3 . 

(a) Semilogarithmic-scale room-temperature l-V characteristics showing 
up to 10 5 times higher conduction through electrodes touching head-to- 
head (H-H) charged domain walls compared with the bulk and tail-to-tail 
(T-T) domain walls, (b) Linear-scale l-V curve showing ~8 V conduction 
threshold indicating barriers between electrodes and ferroelectric. Each 
datapoint in (a,b) is acquired 1 min after step change of applied voltage, 
hence, the values include transient currents. The difference between H-H 
current and bulk is, therefore, underestimated here. The steady current 
through the bulk (at V = 100 V after>660 min) is 6x10" l3 A, while H-H 
wall reaches steady 10~ 6 A, shown in c. The current increase during first 
200 s in c corresponds to slowly applied voltage. Attributing the current 
difference between H-H domain wall and the bulk to domain wall itself, its 
intrinsic conductivity is 10 8 -10 10 times that of the bulk. 



illustrated in the cartoon in Fig. 3a. One can see that the electric 
current drops and rises by four to six orders of magnitude when 
cooling and heating, respectively, across the tetragonal- 
orthorhombic phase boundary at ~ 3 °C. When crossing the 
ferroelectric-paraelectric PT at ~110°C, Fig. 3a, the current 
drops to values typical for the bulk and remains such after cooling 
down to the tetragonal and orthorhombic phases. The sCDW 
under the measured electrodes are annihilated during the PT. All 
in all, the giant conductance was measured conclusively only 
when a head-to-head sCDW was present between the electrodes. 

The current-temperature characteristics, Fig. 3, show that the 
conduction through head-to-head sCDW is not dominated by 
thermal activation like in semiconductors or ionic conductors, 
that is, like in the BaTi0 3 bulk, but has the opposite, metallic-type 
trend with positive temperature coefficient, Figs 3b,c. Clearly the 
temperature dependence of sCDW conductivity is influenced also 
by temperature dependence of spontaneous polarization and 
domain-wall width, but these factors would be minor relative to 
the exponential character of thermally activated conduction if the 
latter were the dominant mechanism. 



Simulation. Why is this giant sCDW conduction not observed 
regularly? Obviously, the rare natural occurrence of sCDW due to 
their high-energy density 20 makes them practically unavailable 
unless they are prepared artificially. However, additional principal 
factors hinder the experimental access to the free-carriers at 
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Figure 3 | Switching metallic-type properties of charged domain walls. 

(a) Current-temperature dependence shows switching of the metallic-type 
conductivity when a 90° head-to-head (H-H) charged domain wall is 
created and annihilated at PTs. The domain walls formed in tetragonal 
BaTi03 cannot exist in the orthorhombic and paraelectric phases as 
illustrated in the cartoon. The charged domain wall is annihilated at both 
transitions from the tetragonal phase. The annihilation at the transition to 
the paraelectric phase is permanent in this case. The conductivity 
characteristic shows change from metallic-type temperature dependence 
and magnitude to thermally activated conduction typical for wide-bandgap 
semiconductor bulk BaTi0 3 . (b) Linear-scale current-temperature 
dependence showing pronounced positive temperature coefficient 
indicating thermally non-activated (that is, metallic-type) conduction at 
domain walls as illustrated in c. 



sCDW. At low voltages, the q2DEG at head-to-head sCDW is 
separated from electrodes by an insulating wedge domain at the 
anode and an insulating gap at the cathode as seen in phase field 
simulation results in Fig. 4a (method in Supplementary Note 1, 
parameters in Supplementary Table SI) and as illustrated on the 
band diagram of the cross-section through a head-to-head sCDW 
in Fig. 5a. The calculation corresponds to zero difference between 
work-functions of the electrode and BaTi0 3 , but it is qualitatively 
valid for the vast majority of conductors including Pt used here. 
The insulating regions are formed due to flattening of electric 
potential profile by the equipotential electrodes. The mechanism 
is as follows: compensation of sCDW requires dramatic band 
bending when the bottom of the conduction band drops below 
the Fermi level at head-to-head sCDW (Fig. 5) and the top of the 
valence band rises over the Fermi level at tail-to-tail sCDW 
(Supplementary Fig. SI). Otherwise, there would be no available 



energy states, which could be occupied by compensating free 
carriers. Recurring sCDW form built-in triangle-wave potential 
profiles (Supplementary Figs SI and S2) with amplitude equal to 
the BaTi0 3 bandgap 21 . This cannot be satisfied by the electrodes 
which dictate value and the (flat) profile of the potential, thus, the 
potential difference between sCDW and electrodes forms a 
transition region that is insulating and exposed to high electric 
field. This field has a depolarizing direction between anode and 
head- to -head sCDW, which nucleates the wedge-like domain 
(Fig. 4 and Supplementary Fig. S3) or other anti-polar domain 
structures 21 . The electric field in the poling direction is applied 
across the insulating gap between head-to-head sCDW and the 
cathode as shown in Figs 4 and 5 and Supplementary Figs SI and 
S4. This situation is inverted at tail- to -tail sCDW, that is, the 
wedge domain is at the cathode and the insulating gap at the 
anode 21 (Supplementary Fig. SI). Both sCDW are, therefore, 
disconnected from the electrodes. 

In most cases, the conducting path through the q2DEG at 
head-to-head sCDW can be established only when the wedge 
domain at the anode, Fig. 4a, is annihilated by the local electric 
field and the insulating gap at the cathode is penetrated by 
electron tunnelling (Fig. 5b), hence I-V curves should exhibit 
threshold characteristics such as those in Fig. 2b. The wedge 
domain at the anode is reduced upon increase of applied voltage 
V between the electrodes and annihilated when V > 8 V. Note 
that the threshold value in real system should be history and case 
dependent as is domain nucleation. We have observed such 
unsettled conduction thresholds at fresh sCDW. 

The simulation results in Figs 4c-e, show the situation where 
the electric potential (V= 12 V) already connects the q2DEG with 
the anode (schematics in Fig. 5b). On the other hand, a 
permanent insulating gap remains between the q2DEG and the 
cathode, Fig. 4. However, when the q2DEG is connected to the 
anode, Figs 4c-e and Fig. 5b, the applied voltage drops entirely 
over the junction at the cathode, exposing the insulating gap to 
giant electric fields, theoretically up to ~ 10 5 Vmm~ 1 when 10 V 
is applied. A lower bound conductivity estimate, given by sole 
Fowler-Nordheim tunnelling through the insulating gap 
(Supplementary Note 2) reaches the experimentally measured 
values, that is, ~ 10 - 6 A at 100 V, when the barrier height is up 
to 2 V and the gap thickness is up to 90 nm, thus, providing 
sufficient current for realistic barrier parameters (results 
summarized in Supplementary Figs S5-S7). 

Clearly this tunnelling can be further enhanced by defect- 
assisted charge transfer mechanisms 32 and by additional 
reduction of the barrier thickness due to accumulation of 
usually present oxygen vacancies, V6, near to the Pt 
electrodes 33 (Supplementary Fig. S4). This might happen 
especially under poling fields, which drive the positively 
charged V6 towards the cathode. The accumulated V6 narrow 
the barrier 33 and provide empty energy levels ~ 0.4 eV below the 
conduction band of BaTi0 3 for additional trap -assisted 
tunnelling, which might result in significantly higher charge 
transport than the sole Fowler-Nordheim tunnelling. As the 
tunnelling current has a small negative temperature coefficient, 
we associate the measured current-temperature dependence in 
Fig. 3 to the sCDW themselves. 

One can see in Fig. 2a,b, that tail-to-tail sCDW do not exhibit 
apparently higher conductivity compared with the bulk even 
though, in defect-free material, they should form a conductive 
quasi- two -dimensional hole gas 21 (Supplementary Fig. SI). The 
reason for low conductivity of tail- to -tail sCDW is not positively 
identified, but according to our simulations (Supplementary 
Note 1), free-carrier concentration at these walls can be 
suppressed by accumulation of V6. A small initial 
concentration of V6 (10 18 m -3 ) is sufficient to accumulate at 
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Figure 4 | Connecting a charged domain wall and electrodes by an applied voltage, (a-c) Colour-scale map of the phase field calculated free-electron 
concentration at a head-to-head domain wall when an electric potential is being applied. The wedge-like domain disconnects the free-electron gas 
from the anode when the potential difference is below 8 V. The free-electron gas is permanently disconnected from the cathode, (d) Colour-scaled 
landscape of electric potential in the vicinity of the domain wall when 12 V is applied. The charged domain wall is at equipotential with the anode, 
(e) Illustration of the polarization (arrows) and free-charge (color-scale) distribution under the applied 12 V. 
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Figure 5 | Schematic of the band structure at head-to-head domain wall. 

Conduction band, E c , drops below the Fermi level, E F , at head-to-head 
strongly charged domain walls (sCDW). At OV, (a), sCDW is separated 
from both electrodes by dielectric regions, which are exposed to high 
electric fields (given by the potential slope). The electric field at the anode 
has a depolarizing direction and nucleates an anti-polar domain as seen in 
Fig 4a. At the cathode, the field has a poling direction, (b) Under an applied 
potential difference, the barrier at the anode is annihilated and the electron 
gas at sCDW connects the electrode. The dielectric barrier at the cathode is 
exposed to the applied potential difference. Theory allows high Fowler- 
Nordheim tunnelling current through the barrier with realistic parameters. 
Additional mechanisms, especially those related to oxygen vacancy 
accumulation, may contribute. 

tail-to-tail sCDW and substitute screening holes (Supplementary 
Fig. S2). The calculated accumulation time is <10h, which is 
short compared with the time between sCDW formation and 
their characterization in our experiments. On the other hand, V6 



deplete from head-to-head sCDW leaving the q2DEG intact and 
available for conduction (Supplementary Figs S2 and S4). All in 
all, accumulation of V6 in theory suppresses conduction through 
tail-to-tail sCDW while it enhances the electron transfer through 
the barrier between the q2DEG at head-to-head sCDW and the Pt 
cathode. 

Note, that insulating barriers between electrodes and either tail- 
to-tail or head-to-head sCDW in defect-free material would be 
theoretically reduced to zero and form ohmic contacts when the 
electrode material had a work-function, respectively, smaller or 
bigger than BaTi0 3 by more than half of the BaTi0 3 bandgap, that 
is, by more than ~1.5V. Most conductors have their work- 
functions below this limit. Additionally, the work-function, 
especially in metal- oxides is an extremely sensitive measure of 
the surface state, which is strongly dependent on surface 
preparation and the measurement technique, making it hard to 
control in experiments. However, according to the text-book 
values, Pt with its exceptionally high work- function ~ 5.7 V which 
is 1.5 V more than ~4.2 V of BaTi0 3 should support spontaneous 
formation of tail-to -tail sCDW and create their ohmic contact. In 
reality, we observed neither spontaneous sCDW formation nor 
their ohmic contact with electrodes, which is not surprising when 
work- function sensitivity and drift of V6 is considered. 

Discussion 

In summary, our experiment showed that 90° head-to-head 
sCDW in the classical ferroelectric BaTi0 3 are stable and exhibit 
qualitatively pronounced metallic behaviour with a steady 
conductivity ~ 10 9 times the bulk DC conductivity of BaTi0 3 . 
Our analysis, supported with phase field simulations, relate the 
observation to the presence of a degenerate q2DEG, which is held 
in a potential well formed by the polarization charge. 

In contrast to the phenomenon observed in improper ferro- 
electrics 16 , where 10 1 times enhanced conductivity was observed at 
tail-to-tail domain walls, the almost perfect compensation of 
polarization charge by degenerate free carriers (in the absence of 
defect compensation) is indispensable for the existence of sCDW. 
While the proper ferroelectricity in typical perovskites would be 
suppressed by the depolarizing field that is created in the absence of 
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the screening charge at charged domain walls, the improper 
ferroelectricity would not be suppressed in such a case as it can 
lower its energy by reduction of polarization. Thus, sCDW in pure 
ordinary ferroelectrics must exhibit giant conductivity via degenerate 
free carriers by default, while the conductivity of locked charged 
domain walls in improper ferroelectrics is case dependent. 

The concept shown above could be implemented in other 
proper ferroelectrics. Yet, writing stable charged domain walls in 
the classical ferroelectric insulator BaTi0 3 as shown here is of an 
extra appeal as, unlike most of the applied ferroelectrics, this 
material is lead-free and composed of abundant elements. In 
addition, charged domain walls in BaTi0 3 are predicted to be 
exceptionally thick 21 making it a suitable material for 
fundamental studies. Additional intriguing properties of the 
q2DEG are likely to exist also in sCDW. Emerging oxide 
electronics that use the q2DEG and other hetero interfacial 
properties 7,34 , might also incorporate the new phenomena 
described here, where q2DEG could be electrically displaced, 
erased and recreated inside ready devices, ultimately adding 
interface mobility to future electronic elements. 

Methods 

Sample preparation. Undoped (110) c plates of BaTi0 3 were cut into 5 x 5 x 0.5 
mm 3 pieces and lapped to 200 urn thickness with diamond films of roughness from 
15 to 0.1 um. The samples, cleaned with acetone and isopropanol, were sputtered 
with 12 nm thick Pt electrodes on [1 10] c surfaces. Samples were heated while 
observed with a polarization microscope in transmitted light. Slow (0.2 °C/min) 
heating from 100 °C while switching on and off 350 V (~ 1 switch min ~ l ) allows 
optical identification of (i) zero field and (ii) the field-induced PTs. After heating 
up to 0.7 °C above the field-induced PT, the samples were slowly (0.1 °C min~ x ), 
without electric field, cooled up to ~0.1 °C below the field-induced PT tempera- 
ture. Then, 350 V was rapidly applied inducing the PT and a periodic structure 
with (110) c planar sCDW. This process is strongly sensitive on poling conditions, 
often creating walls, which do not pass through the whole sample or form zig-zag- 
like neutral walls. The Pt electrode on the anode was removed by 1 um diamond 
paste and replaced with sputtered 150 nm thick, 200 um diameter circular Pt 
electrodes with 400 um period. 

Conductivity measurement. At room-temperature, I-V characteristics between 30 
different top electrodes and the bottom electrode were measured with a Keithley 
6517A electrometer. Measurement was conducted in a dark and electrically 
shielded box. Voltage was applied in steps (seen in Figs 2a,b) and current was 
averaged between 60 and 70 s later. The current-temperature measurement was 
done in a DELTA 9023 chamber. Temperature was changed in steps (Fig. 3), while 
voltage was kept constant at 100 V. Current was acquired when it fluctuated < 10% 
for more than 10 s, then, current was averaged for 20 s. 

Numerical calculations. For details on the numerical calculations see 
Supplementary Notes 1 and 2. 
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